Abstract. Solid tumors are infiltrated by stroma cells including macrophages and these cells can affect tumor growth, metastasis and angiogenesis. We have investigated the effects of conditioned media (CM) from different macrophages on the proliferation of the colon cancer cell lines HT-29 and CACO-2. CM from THP-1 macrophages and monocyte-derived human macrophages of the M1 phenotype, but not the M2 phenotype, inhibited proliferation of the tumor cells in a dose-dependent manner. Lipopolysaccaharide and interferon γ was used for differentiation of macrophages towards the M1 phenotype and CM were generated both during differentiation (M1 DIFF ) and after differentiation (M1). M1 and M1 DIFF CM as well as THP-1 macrophage CM resulted in cell cycle arrest in HT-29 cells with a decrease of cells in S phase and an increase in G 2 /M phase. Treatment of HT-29 cells with M1 DIFF , but not M1 or THP-1 macrophage CM, resulted in apoptosis of about 20% of the tumor cells and this was accompanied by lack of recovery of cell growth after removal of CM and subsequent culture in fresh media. A protein array was used to identify cytokines released from M1 and M2 macrophages. Among the cytokines released by M1 macrophages, tumor necrosis factor α and CXCL9 were tested by direct addition to HT-29 cells, but neither affected proliferation. Our results indicate that M1 macrophages inhibit colon cancer cell growth and have the potential of contributing to reducing tumor growth in vivo.
Introduction
Colorectal cancer (CRC) is one of the most prevalent cancers and the fourth leading cause of cancer death worldwide (1, 2) . Approximately 70% of all CRC is sporadic, i.e. non-familial, non-hereditary and unrelated to inflammatory bowel diseases (3, 4) . The etiology of CRC has not been elucidated, so far, but there are strong indication of the significance of dietary as well as microbiological factors (5, 6) . In contrast, the pathogenesis of sporadic CRC is well established. Thus, malignant transformation of colorectal epithelial cells is achieved according to the adenoma-carcinoma sequence in which sequential mutations of growth controlling genes, along with epigenetic events occur at a time-course of probably 10-15 years (7, 8) . Although there is a deep understanding of the genetic basis of CRC, the importance of contributing factors to CRC progression in the tumor stroma is still unclear.
Solid cancers consist of tumor cells that are supported by a scaffold of connective tissue (i.e. the stroma), together with a variety of stromal cells, like fibroblasts, myofibroblasts, endothelial cells, lymphocytes, mast cells and macrophages (9, 10) . The stroma interacts with the tumor cells, e.g. via cytokines, integrins and proteases, to influence functions such as proliferation, apoptosis, migration and angiogenesis (11) (12) (13) (14) .
Among the stromal cells, the macrophages are of particular significance for carcinogenesis. Tumor-associated macrophages (TAMs) are experts in changing their functional profiles in response to environmental changes and display a phenotypic plasticity with two main types of macrophages, M1 and M2, with usually contrasting effects on tumor cells (15) (16) (17) (18) .
M1 macrophages are the classically activated macrophages that respond to signals such as bacterial stimuli with a strong inflammatory response that includes pro-inflammatory cytokines such as interleukin 1β (IL1β), IL6 and tumor necrosis factor α (TNFα), other released factors such as reactive nitrogen/oxygen species and various chemokines that recruits new inflammatory cells to the site (19, 20) . M2 macrophages are a collection of alternatively activated macrophages that are important in processes such as suppression or regulation of inflammation, wound healing and angiogenesis and release anti-inflammatory cytokines such as IL10 and transforming growth factor β (TGFβ) (21, 22) . , but  not M2 phenotype, inhibit the proliferation of the  colon cancer cell lines HT-29 and CACO-2 When human macrophages are exposed to lipopolysaccharides (LPS) and interferon γ (IFNγ), they are polarized to M1 macrophages with potential antitumor activities. When they are exposed to Th2 cytokines, such as IL4 and IL13, they are polarized to M2 macrophages that have been suggested to support tumor growth and development (18, 23) . TAMs are in most cases regarded as being of an M2 phenotype, but the TAM-picture is probably more complex, and the tumor microenvironment, depending on tissue and cancer type, can affect the polarization of TAMs within the tumor (24) (25) (26) (27) (28) . The significance of macrophages in CRC is debated since conflicting data regarding extent of macrophage infiltration in correlation to prognosis have been put forward and this may be attributed to differences in macrophage phenotype and localization within the tumor (28) (29) (30) (31) (32) (33) (34) (35) .
Conditioned media from macrophages of M1
In the current study we have investigated the effect of conditioned media (CM) from human blood monocyte derived M1 and M2 macrophages and THP-1 monocytic cell line derived macrophages on the proliferation of the colon cancer cell lines HT-29 and CACO-2.
Materials and methods
Cell culture. The colon cancer cell lines HT-29 and CACO-2 and the acute monocytic leukemia cell line THP-1 were purchased from DSMZ (Braunschweig, Germany). HT-29 cells and THP-1 cells were cultured in RPMI-1640 (RPMI) (Life Technologies, Carlsbad, CA, USA) supplemented with 2 mM L-glutamine (Life Technologies), 100 U/ml penicillin and 100 µg/ml streptomycin (Life Technologies) with 10% heat-inactivated fetal calf serum (FCS) (Thermo Scientific, Waltham, MA, USA) and 10 mM HEPES (Life Technologies). CACO-2 cells were cultured in DMEM supplemented with 2 mM L-glutamine and 100 U/ml of penicillin and streptomycin with 10% FCS. All cell lines were grown at 37˚C in a humidified atmosphere and 5% CO 2 .
For the experimental assessment of proliferation, apoptosis and cell cycle, HT-29 cells were seeded at a density of 15,000 cells/cm 2 in RPMI 10% FCS plus 10 mM HEPES onto tissue culture plates (Greiner Bio-One, Frickenhausen, Germany) and allowed to grow for 3 days. After 3 days, the culture media was replaced with macrophage CM, control media (RPMI 5% FCS) or other factors, and treated, usually for 24 h. CACO-2 cells were seeded at a density of 10,000 cells/cm 2 and grown for 2 days in DMEM 10% FCS before a 48-h treatment and subsequent assessment of proliferation.
Differentiation of THP-1 monocytes to macrophages. THP-1 monocytes were seeded at a density of 40,000 cells/cm 2 onto 6-well cell culture plates (BD Biosciences, Franklin Lakes, NJ, USA) in RPMI 10% FCS plus 10 mM HEPES. Cells were induced to differentiate into macrophages with 160 nM phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA). After 24 h, differentiated cells were thoroughly washed 5 times with RPMI 10% FCS and then cultured 48 h in 3 ml RPMI 10% FCS plus 10 mM HEPES to obtain THP-1 macrophage (THP-1 M) CM. The THP-1 M CM was centrifuged to remove cell debris and stored in aliquots at -20˚C.
Isolation of human monocytes and differentiation to macrophages. Buffy coats from healthy blood donors were obtained from the division of Clinical Immunology and Transfusion Medicine, Uppsala University Hospital (Uppsala, Sweden), and monocytes were isolated by gradient centrifugation using Ficoll paque PLUS (GE Healthcare, Little Chalfont, UK). In short, about 50 ml buffy coat was diluted with an equal volume of PBS containing 3 mM EDTA (PBS/EDTA), carefully loaded on Ficoll-Paque PLUS and centrifuged at 900 x g for 30 min at 20˚C. The separated mononuclear fraction was collected and diluted with PBS/EDTA followed by centrifugation at 500 x g for 10 min. The pelleted cells were resuspended in PBS/EDTA and washed four times with PBS/EDTA by repeated centrifugations at 200 x g for 10 min. After washing, the cells were resuspended in 100 ml RPMI without FCS and 2 ml of cell suspension was seeded onto 6-well cell culture plates (BD Biosciences) and allowed to adhere for 1.5 h. Non-adherent cells were removed by three washes with PBS and fresh RPMI 5% FCS was added to the wells and cultured overnight. Macrophages were obtained by culturing monocytes for 6 days in RPMI 20% FCS and 20 ng/ml macrophage colony-stimulating factor (M-CSF) (R&D Systems, Minneapolis, MN, USA). After 6 days of culture (with media and M-CSF renewal at day 3) macrophages were washed with PBS and cultured an additional 48 h in RPMI 5% FCS with either no addition generating M0 macrophages, addition of 100 ng/ml LPS (Sigma-Aldrich) plus 20 ng/ml IFNγ (R&D Systems) for M1 differentiation or 20 ng/ml IL4 (R&D Systems) plus 20 ng/ml IL13 (R&D Systems) for M2 differentiation. CM were collected and named M0, M1/M2 differentiation CM (M1 DIFF or M2 DIFF ). The differentiated macrophages were washed twice with PBS and cultured for another 48 h in RPMI 5% FCS (without IFNγ/LPS or IL4/IL13) and CM were collected and named M1 and M2 CM, respectively. The collected media were centrifuged to remove cell debris and stored in aliquots at -20˚C.
Proliferation studies of HT-29 and CACO-2.
HT-29 and CACO-2 were cultured as described above in the cell culture section before assessment of cell growth after treatment with CM from macrophages, LPS, IFNγ, TNFα (Sigma-Aldrich) or CXCL9 (Prospec-Tany Technogene, East Brunswick, NJ, USA). Cells were loosened by trypsinization using a 0.05% trypsin, 0.02% EDTA solution (Sigma-Aldrich), mixed with an equal volume of trypan blue and counted in a hemacytometer. For the assessment of recovery of cell growth after treatment, cells were washed and then allowed to grow in RPMI 5% FCS for an additional 48 h prior to counting in a hemacytometer.
Cytokine detection. Cytokines were analyzed in M1 DIFF and M2 DIFF CM with the RayBio Human Cytokine Antibody Array 3 (Ray Biotech, Norcoss, GA, USA) according to manufacturer's instructions. Light intensities were detected by exposure to X-ray film. IL10 and IL12p70 content of M1 DIFF and M2 DIFF CM was analyzed with ELISA (eBioscience, San Diego, CA, USA) according to manufacturer's instructions and signals detected at 450 nm (570 nm used as reference) with the Infinite M200 pro plate reader (Tecan, Männedorf, Switzerland).
Apoptosis measurement. HT-29 cells were seeded as described above in the cell culture section and treated for 24 h with CM. Cells were loosened by trypsinization and pooled with their corresponding cell culture media containing eventual floating cells, centrifuged at 300 x g for 5 min and resuspended in 1% paraformaldehyde in PBS. Cell suspensions were incubated on ice for 45 min. Next, cells were washed twice with 5 ml PBS and resuspended in 450 µl ice-cold PBS prior to cell fixation in 5 ml ice-cold 70% ethanol. Fixed cells were stored at -20˚C until apoptosis measurements were done using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Phoenix Flow Systems, San Diego, CA, USA) according to manufacturer's instructions. Cell apoptosis was analyzed on a FACSCalibur (BD Biosciences) flow cytometer and acquired data analyzed with Cell Quest v.3.3 (BD Biosciences).
Cell cycle analysis. HT-29 cells were cultured as described above in the cell culture section and treated with conditioned macrophage media for 24 h. In some experiments the cells were washed after treatment and allowed to grow for an additional 24, 48 or 72 h in RPMI 5% FCS prior to cell fixation. At the chosen time point, cells were loosened by trypsinization (see above) and pooled with their corresponding cell culture media containing possible loose cells, centrifuged at 200 x g for 5 min and resuspended in PBS with 1% bovine serum albumin (PBS/BSA). Cells were centrifuged again and resuspended in 450 µl ice-cold PBS/BSA prior to fixation in 5 ml ice-cold 70% ethanol. Cells were stored at -20˚C until analysis.
Prior to analysis, Triton X-100 was added to a final concentration of 0.1% and cells incubated 10 min at 6˚C. Next, cells were centrifuged at 200 x g for 10 min and resuspended in PBS/BSA. Cells were washed an additional time and then resuspended in PBS/BSA and added 0.1% Triton X-100, 50 µg/ml propidium iodide (Sigma-Aldrich) and 200 µg/ml RNase A (Sigma-Aldrich). Samples were incubated at room temperature for 45 min in the dark prior to analysis on a FACSCalibur (BD Biosciences) flow cytometer. Cell cycle distribution was calculated using the ModFit LT software v.3.1 (Verity Software House, Topsham, ME, USA).
Immunocytochemistry. Human monocyte-derived macrophages of M0, M1 and M2 phenotype were loosened by trypsinization (see above) after 48 h of differentiation and THP-1 macrophages after 24 h. About 50,000-100,000 cells were spun onto a positively charged microscope glass slide (Thermo Scientific) and analyzed using monoclonal antibodies against CD68 (clone KP1, Dako, Glostrup, Denmark) and CD163 (clone 10D6, Novocastra, Leica microsystems, Newcastle, UK). The epitope retrieval procedure for the commercial antibodies was performed as described by the manufacturer. The immunocytochemistry was performed in a Dako autostainer with the EnVision systems reagents (Dako). After immunostaining, the nuclei were counterstained with Mayer's haematoxylin, dehydrated and mounted using Tissue-Tek coverslipping film (Sakura Finetek, Torrence, CA, USA). Analysis of CD68 and CD163 was performed on at least three separate macrophage batches from different donors. Manual calculations of the percentage of positively stained cells within an area of 450 x 600 µm with approximately 200-400 cells were performed.
Statistics. Two-sided Student's t-test was used for all statistical analysis. Paired Student's t-test was used for all cell counting experiments comparing treated samples vs. untreated controls. The unpaired t-test was used for statistical analysis of apoptosis and cell cycle experiments comparing treated samples vs. untreated controls. Values are presented as mean ± standard deviation (SD) unless otherwise stated. All experiments with macrophages and CM from macrophages were performed with at least 3 different macrophage batches generated from different donors.
Results
Characterization of M1 and M2 macrophage phenotypes and THP-1 macrophages. CM was generated from THP-1 macrophages (denoted THP-1 M) as well as from human blood monocyte derived macrophages. The monocyte derived macrophages were either not further differentiated (denoted M0), differentiated with LPS plus INFγ or IL4 plus IL13 to generate M1 and M2 macrophages, respectively. CM were collected both during the differentiation of macrophages (denoted M1 DIFF and M2 DIFF ) and after differentiation (denoted M1 and M2). THP-1 macrophages as well as M0, M1 and M2 macrophages all stained positive for CD68 as determined by immunocytochemistry. Regarding CD163 staining, M0 macrophages showed 80±5% positive cells (n=3 macrophage batches) and M2 macrophages 70±10% (n=7 macrophage batches) while M1 macrophages showed only 5±5% positive cells (n=5 macrophage batches) and THP-1 macrophages were negative. M1 macrophages released IL12 (27±27 pg/ml, n=3 macrophage batches) while M0 and M2 macrophages released no detectable IL12 (less than 2 pg/ml). IL10 was released by both M1 macrophages (2,082±472 pg/ml, n=4 macrophage batches) and M2 macrophages (151±95 pg/ml, n=4 macrophage batches).
Differential effects of conditioned media from macrophages of different phenotypes on HT-29 and CACO-2 proliferation.
The effect of CM from different macrophage phenotypes on the proliferation of the colon cancer cell lines HT-29 and CACO-2 were investigated. Treatment with either M1 DIFF or M1 CM strongly inhibited the proliferation of HT-29 cells, while treatment with M2 DIFF , M2 or M0 CM had no major effect on the proliferation (Fig. 1A) . CM from THP-1 macrophages inhibited proliferation of HT-29 cells by a similar extent as M1 CM. These effects were also seen when the CACO-2 colon cancer cell line was investigated (Fig. 1B) . The inhibition of HT-29 proliferation in response to M1 DIFF , M1 and THP-1 M CM was dose-dependent with M1 DIFF CM being the most potent with a significant (p<0.05) inhibition of proliferation already at 1/8th of full dose (Fig. 1C) .
In addition to the proliferative inhibition, treatment with M1 DIFF , but not M1 or THP-1 M CM, also resulted in detachment of HT-29 cells from the culture dishes. The detachment of HT-29 cells varied using different batches of M1 DIFF CM and amounted to 17±14% (n=6 macrophage batches) of the total number of cells when treated with full dose of CM.
Control experiments on HT-29 cells with LPS and IFNγ were performed in order to ascertain that the effect of M1 DIFF CM was an effect of macrophage released substances and not of the presence of residual LPS/IFNγ. Treatment of HT-29 cells for 24 h with either LPS (100 ng/ml) or INFγ (20 ng/ml) did not suppress proliferation (results not shown). However, the combined treatment with both LPS and INFγ caused a slight reduction in cell numbers compared to control (92.5±7.6%, p<0.05, n=7) and also to some extent generated detachment of cells that amounted to 3±1% of the total number of cells.
M1 DIFF CM was more potent than M1 CM regarding inhibition of HT-29 cell proliferation and this was most obvious using 1/2 and 1/4 doses (Fig. 1C) . To assess if the more potent anti-proliferative effect of M1 DIFF was a synergistic effect between M1 released products and exogenous LPS/IFNγ we added 50 ng/ml LPS + 10 ng/ml IFNγ to 1/2 dose of M1 CM to evaluate if this would increase the potency of M1 CM to that of M1 DIFF . The addition of LPS plus IFNγ to 1/2 dose of M1 CM only caused a minor (not significant) decrease in cell numbers (81.5±1.5%, n=3) compared to 1/2 dose M1 CM alone (90.5±9.8%, n=3).
To further evaluate the inhibitory effects of M1 DIFF , M1 and THP-1 M CM on HT-29 cell proliferation we treated cells for 24 h and allowed the cells to recover by further culturing in RPMI 5% FCS for 48 h. While the HT-29 cells that had been treated with M1 DIFF CM did not regain their proliferative ability during the 48 h recovery phase, HT-29 cells treated with M1 or THP-1 M CM did so (Fig. 2) . Results in Fig. 2 also show an almost complete inhibition of cell growth in cells treated with M1, M1 DIFF or THP-1 M CM based on similar cell numbers after treatment compared to cell numbers at start of experiment (compare 0 h with 24 h treatment).
Conditioned media from different macrophage phenotypes affects apoptosis of HT-29 cells differently.
Since there was a decrease in cell count after treatment of HT-29 cells with M1 DIFF , M1 and THP-1 M CM, apoptosis was determined using a TUNEL assay. M1 DIFF was the only CM that induced a major increase of apoptosis in HT-29 cells (Fig. 3) . Treatment of HT-29 cells with 1/2 dose of M1 DIFF CM also induced apoptosis and to the same extent as full dose (results not shown). Since treatment with M1 DIFF CM resulted in detachment of HT-29 cells we also measured apoptosis of detached and adherent cells separately. Almost all of the detached cells gave an apoptotic signal whereas the adherent cells only showed a slight non-significant increase in apoptosis compared to control cells (results not shown). (Table I) . Cell cycle analysis of HT-29 cells that had been allowed to recover in fresh media after treatment with M1 or THP-1 M CM revealed cell cycle distribution similar to control. In contrast, HT-29 cells that had been allowed to recover after treatment with M1 DIFF CM showed an accumulation of cells in S phase with very few cells in G 2 /M phase (Table I ). In agreement with apoptosis results (Fig. 3) HT-29 cells treated with M1 DIFF CM also showed an increase of cells with a sub-G 1 signal (Table I) , another estimate of apoptosis. 
Treatment of HT-29 cells with conditioned media from

Cytokine and chemokine expression profiles of M1 and M2 macrophages.
In an attempt to identify cytokines and chemokines that could be responsible for the inhibition of proliferation of the colon cancer cell lines we analyzed CM from M1 and M2 macrophages using a protein array. The array demonstrated that M1 macrophages released the cytokines/chemokines TNFα, IL6, IL8, IL10, CCL7, CCL8, CCL15, CXCL1, CXCL9 and RANTES to a much larger extent compared to M2 macrophages (Fig. 4) . M2 macrophages released more CCL17 than M1 macrophages. The THP-1 macrophages released a cytokine/chemokine pattern similar to M1 macrophages (results not shown). Among the cytokines detected in M1 DIFF CM, TNFα and CXCL9 were added directly to HT-29 cells for evaluation of effects on cell growth. A 24-h treatment with TNFα (100 ng/ml) or CXCL9 (100 ng/ml) to HT-29 gave 104±21% (n=4) and 109±14% (n=5) cells compared to control, respectively. Reduced proliferation in response to CM from M1 macrophages has previously been shown for renal clear cell carcinoma (36) and breast cancer cell lines (19) . An increase in proliferation has been seen for the colon cancer cell line HCT116 in response to CM from LPS treated murine macrophages of the cell line RAW 264.7 (37) . This is in contrast to our results in HT-29 and CACO-2 cells, and also somewhat surprising since the LPS treated RAW 264.7 cells were shown to release substantial amounts of TNFα, IL1 and IL6 indicating a pro-inflammatory phenotype of the macrophages. THP-1 macrophages differentiated with phorbol 12-myristate 13-acetate has been shown to release pro-inflammatory cytokines such as TNFα, IL8 and IL1β (38) and our results reveals similar effects on cancer cell growth and cell cycle regulation between our THP-1 M and M1 CM suggesting an M1-like type of these macrophages.
The macrophages used in our study were characterized by immunocytochemistry and M2 macrophages showed high expression of CD163 while M1 had a low expression, which are results supported by other studies (19, 39) . The M1 macrophages released IL12 which is in agreement with the general view of this macrophage being of a pro-inflammatory (M1) phenotype (40) . Although release of high amounts of IL10 is considered as a hallmark of the M2 phenotype of macrophages (41) we found that both M1 and M2 macrophages released IL10 and that the release was higher from M1 than M2 macrophages. The high release of IL10 from M1 macrophages in our experiments could be explained by the fact that LPS is known to induce IL10 expression in human macrophages differentiated with M-CSF (42) . The cytokine array revealed higher expression of TNFα, IL6, IL8, IL10, CCL7, CCL8, CCL15, CXCL1, CXCL9 and RANTES in M1 compared to M2 macrophages. TNFα is a well known pro-inflammatory cytokine and has in most cases been linked to reduced proliferation of cancer cell lines. In HCT116 cells, a colon cancer cell line, TNFα has been shown to inhibit proliferation (43) and induce apoptosis (44) while in the breast cancer cell line T47D both inhibition (19) and stimulation (45) of proliferation has been seen. We have not been able to observe any effect on the HT-29 cell proliferation in response to a direct addition of TNFα.
CXCL9 is a chemokine that is released in response to IFNγ stimulation of mononuclear cells including macrophages (46) . Although less well studied, CXCL9 is thought to be involved in T cell trafficking and has been defined as an anti-angiogenic chemokine (47) . Regarding effects on cell growth, CXCL9 has been shown to inhibit intestinal cell proliferation (48) and also to have antitumor activity in a murine cancer model (49) . However, we have not been able to see any effects on the HT29 cell proliferation in response to direct addition of CXCL9.
In summary, our results show that CM from THP-1 macrophages and human macrophages of M1 but not M2 phenotype inhibited the growth of the colon cancer cell lines HT29 and CACO-2 and that this was accompanied by cell cycle arrest in G 0 /G 1 and G 2 /M. Among the cytokines/chemokines selectively released by M1 macrophages, TNFα and CXCL9 did not have any effect on HT-29 cell proliferation suggesting that other factor/factors released by macrophages are responsible for the reduced proliferation and further experiments have to be performed to identify these. Our results imply that the presence of macrophages of the M1 phenotype in the tumor environment would be beneficial for reducing colon cancer cell growth.
